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acute myeloid leukemia ͉ myeloproliferative disease ͉ oncogene ͉ signaling A cute myeloid leukemia (AML) is a disease of the myeloid compartment of the hematopoietic system characterized by an accumulation of undifferentiated blast cells in the peripheral blood and bone marrow. AML is caused by multiple genetic and epigenetic changes that result in stimulation of mitogenic signals and deregulation of apoptosis and differentiation. It has been proposed that mutations in two different classes of oncogenes are required to induce AML. Mutations in class I oncogenes (e.g., Ras, Flt3) result in stimulation of proliferative and cell survival signals, whereas mutations in class II oncogenes (e.g., AML1-Eto, PML-RAR␣) lead to inhibition of differentiation and subsequent cell death by apoptosis (1) (2) (3) . Although many mutations are recurrently found in AML patients, it is believed that additional mutations in AML exist and have yet to be identified (1, 2, (4) (5) (6) . Even with a large knowledge base about the causative genetics of AML, a more complete understanding of the molecular players is needed to identify targets for future therapeutic treatment for this disease.
We have previously performed functional genetic screens to identify oncogenes in AML by using an efficient retroviral delivery, expression, and cDNA recovery system (7, 8) . Using this approach, we identified an activating deletion mutation in the TrkA tyrosine kinase in a patient with AML (7). This discovery provided evidence that TrkA may play a role in leukemogenesis. The deletion mutation we identified has been shown to be leukemogenic in mice (9) , further validating our approach to identify genes that contribute to leukemia formation.
In this study, we have used a functional genetic screen to identify genes that contribute to myeloid cell transformation and perhaps AML formation. Here, we describe our identification of the ligand binding component of the receptor for IL-27 (IL-27R), as a unique transforming gene product. We show that IL-27R is expressed on the cell surface of leukemic cells of AML patients and demonstrate that IL-27R can transform hematopoietic cells in a JAK-dependent manner. We also show that IL-27R activates JAK2-V617F. Previously, only homodimeric type I cytokine receptors have been reported to activate this important JAK2 mutant. Our data indicate that a single component of a heterodimeric cytokine receptor has the ability to aberrantly activate signaling pathways in hematopoietic cells. Thus, it is possible that components of heterodimeric cytokine receptors may play a role in myeloid diseases either through aberrant expression or activating mutations.
Results

Functional Genetic Screens to Identify Myeloid Cell Oncogenes Un-
cover Unique Transforming Properties of IL-27R. To identify oncogenes involved in AML, or perhaps other myeloid disorders, we developed functional genetic screens in myeloid cells. We used 32D myeloid progenitor cells, which depend on IL-3 for growth and viability (10) . When 32D cells are cultured in the absence of IL-3, they undergo cell cycle arrest and apoptosis (11) . These cells have served as a model cell system for studying the transforming properties of various leukemia-associated oncogenes, such as Bcr/Abl and Flt3, among others (12, 13) . For our approach, we used cDNA representing the genes expressed in the leukemic cells of patients with AML. This cDNA was cloned into a retroviral vector (pEYK3.1; a gift of George Daley, Harvard Medical School, Children's Hospital, Boston) designed for efficient delivery and proviral recovery (14) . We generated retrovirus containing cDNA libraries from AML patients and used this virus to infect 32D cells that exogenously express B-cell CLL/lymphoma 2 (Bcl2).
We used 32D/Bcl2 cells for multiple reasons. First, removal of IL-3 leads to a very rapid apoptotic cell death of 32D cells, and our screens of parental 32D cells resulted in no cytokineindependent isolates. Second, oncogenic expression in 32D cells needs to elicit an antiapoptotic and a mitogenic signal to transform these cells to cytokine independence. Third, it is believed that transformation of myeloid cells in AML is caused by mutations that activate cooperating signaling pathways (1-3). Culturing 32D cells without IL-3 resulted in cell death of the entire culture in a little over 2 days. However, expression of Bcl2 led to enhanced cell survival in the absence of IL-3 without inducing cell growth (data not shown), which is in agreement with previous studies (15, 16) . Two days after infection, 32D/Bcl2 cells were plated in medium lacking IL-3 to identify IL-3-independent transformants. Using a cDNA library from an AML patient who exhibited AML of FAB subtype M5b, a monocytic leukemia with 93% blast cells and normal cytogenetics, we isolated a cDNA representing a WT IL-27Ra (TCCR, WSX-1) (17) gene from multiple independent isolates of IL-3-independent cells. For simplicity, we will refer to this gene and protein as IL-27R. (Fig. 1A) . These results suggest that in the context of the expression of an entire library of cDNAs, expression of Bcl2 in 32D cells during our initial screen likely sensitized these cells to transformation to IL-3 independence. Immunoblot analysis confirmed expression of IL-27R in these cells (Fig. 1B) . The two protein bands of IL-27R are the result of glycosylation (data not shown). This finding is consistent with the presence of multiple glycosylation sites in the extracellular region of the receptor (17) .
IL-27R is a type I cytokine receptor that functions as the ligand binding component of the receptor for IL-27 (18, 19) . Signaling induced by IL-27 activates JAK and STAT proteins, including JAK1, JAK2, Tyk2, STAT1, STAT2, STAT3, STAT4, and STAT5 in various cell types (20, 21) . There is clear evidence that JAK/STAT proteins are activated in myeloid disorders. STAT1, STAT3, and STAT5 are frequently activated by leukemogenic oncogenes and are activated in AML (22, 23) . JAK proteins, in particular JAK2, are mutationally activated in myeloproliferative disorders (MPDs) (24-28) and a small fraction of AML (29, 30) . Therefore, we analyzed the activation state of these proteins in 32D cells transformed by IL-27R and determined that these cells have increased phosphorylated STAT1, STAT5, JAK1, and JAK2 compared with vector control cells (Fig. 1C) . STAT3 is also activated in 32D cells transformed by IL-27R (see Fig. 2E ). Because transformation of 32D cells involves mitogenic signaling and inhibition of apoptosis, we also determined that ERK1/2 is activated in these cells (Fig. 1C) . These data indicate that IL-27R-mediated transformation of 32D cells is associated with activation of JAK/STAT and ERK pathways. In addition to STATs, ERKs are commonly activated in AML cells (31) . Thus, transformation by IL-27R results in activation of pathways that are frequently activated in AML. Activation of transforming signals by IL-27R is not associated with the autocrine production of factors that stimulate cell growth or survival (data not shown). In addition, a neutralizing antibody to IL-27 did not affect the growth or viability of cells transformed by IL-27R [supporting information (SI) Fig. 6 ].
Expression of IL-27R on the Cell Surface of AML Cells. Because we identified IL-27R as a transforming gene from the leukemic cells of an AML patient, we wanted to determine whether this gene was commonly expressed in AML patients. Using flow cytometry, we detected IL-27R on the cell surface of AML cells. Eight of 13 AML bone marrow samples tested had 2.5-to 10-fold more cells expressing IL-27R (ranging from 0.33% to 84.6%) than the average observed in normal bone marrow cells (ranging from 6.3% to 12.8%) (Fig. 1D and SI Fig. 7 ). This finding suggests IL-27R expression is retained in many AML patients. In all normal and AML samples tested, essentially all IL-27R-positive cells were CD33-positive, suggesting IL-27R is expressed in cells of the myeloid lineage in the bone marrow (SI Fig. 7 and data not shown).
IL-27R
Requires JAK Activity to Transform Myeloid Cells. We addressed the role of JAK family kinases in transformation by IL-27R by culturing 32D/IL-27R cells with the pan-JAK inhibitor, JAK inhibitor I (32). In the presence of this inhibitor the growth of these cells ceases (Fig. 2 A) . JAK inhibitor I induces a G 1 and a G 2 cell cycle arrest and a dramatic decrease in the number of cells in S-phase after 24 h of treatment (Fig. 2B) . Cell viability also decreases in the presence of the inhibitor (Fig. 2C) , because of the induction of apoptosis as determined by annexin V binding to the cells after 24 h of treatment with inhibitor (Fig.  2D) . JAK inhibitor I not only blocks STAT1, STAT3, and STAT5 phosphorylation induced by IL-27R, but also prevents ERK1/2 activation (Fig. 2E) . These experiments suggest the kinase activity of JAK family members is required for IL-27R-mediated cell growth and inhibition of apoptosis and that JAK activation is required for downstream activation of STATs and ERK1/2.
IL-27R Requires Its Box 1 Motif to Transform 32D Cells.
Within the cytoplasmic region of IL-27R is a Box 1 motif (17). This motif is often found in cytokine receptors and functions as an interaction motif with JAK proteins (33, 34) . IL-27R has been shown to interact with JAK1 (35), although JAK2 is also activated after IL-27 stimulation of cells (20) . Mutation of conserved prolines in Box 1 motifs generates a motif that is severely impaired in its ability to bind to JAK proteins (34) . Therefore, we mutated these residues within the IL-27R Box 1 motif to alanine and expressed this mutant IL-27R in 32D cells (Fig. 3A) . Removal of IL-3 from the growth medium of these cells results in complete cell death of the culture in a time course identical to cells expressing a control vector (Fig. 3B) . Thus, IL-27R requires its Box 1 motif to transform myeloid cells. Collectively, our data suggest IL-27R-mediated transformation requires receptor-mediated activation of JAK family kinases.
IL-27R Transforms BaF3
Cells to Cytokine-Independent Growth. IL-27R requires the glycoprotein 130 (gp130) coreceptor to signal in response to IL-27 stimulation (18). BaF3 cells are IL-3-dependent pro-B cells that lack gp130 expression (18, 36) . Through gp130 reconstitution studies, these cells have been used to show the requirement for gp130 to induce cell signaling in response to IL-27 (18) . To test whether gp130 is required for (Fig. 4A) , which suggests that IL-27R does not require gp130 expression to elicit a transforming signal in cells and also indicates that the transforming activity of IL-27R is not limited to 32D myeloid cells. RT-PCR analyses confirmed the lack of gp130 expression in BaF3 cells (Fig. 4B) . Also, we could not detect gp130 expression in 32D cells transformed by IL-27R, suggesting that gp130 is not required for transformation of these cells and is not up-regulated to facilitate IL-27R-mediated signaling during transformation (Fig. 4B) . Analyses of signaling pathways in BaF3 cells transformed by IL-27R indicate similar JAK/STAT and ERK pathways are activated as in 32D cells transformed by IL-27R (SI Fig. 8) . Finally, whereas IL-27R-mediated transformation is gp130-independent, our observations still support the paradigm that IL-27-mediated signaling requires gp130 (18) . IL-27-induced signaling (as measured by STAT1 phosphorylation) is not observed in IL-27R-expressing 32D or BaF3 cells, which lack gp130, but is seen in IL-27R-expressing 293T cells, which express gp130. siRNA depletion of gp130 in 293T cells inhibits IL-27-induced phosphorylation of STAT1 (SI Fig. 9 ).
IL-27R-mediated transformation of hematopoietic cells, we expressed IL-27R in BaF3 cells and cultured these cells in the absence of IL-3. Like 32D cells, BaF3 cells are transformed to cytokine independence by IL-27R
IL-27R Activates JAK2-V617F. Homodimeric type I cytokine receptors have been shown to be required for the full activation of JAK2-V617F (37), a JAK2 mutant found in a variety of MPDs and AML (24) (25) (26) (27) (28) (29) (30) 38) . It is believed homodimeric cytokine receptors (e.g., EpoR) provide a scaffold upon which JAK2-V617F proteins can bind and become activated by transphosphorylation (37) . Such activation of mutant JAK2 is independent of ligand for the receptor. IL-27R is a type I cytokine receptor that normally functions as a heterodimeric partner with gp130 (18, 39) . However, the ability of IL-27R to transform BaF3 and 32D cells, which lack gp130 expression, suggests IL-27R does not require gp130 to transform cells. Because the transforming properties of IL-27R do not depend on its heterodimeric partner gp130, we thought IL-27Rs could function as homodimeric receptors and therefore be able to activate JAK2-V617F (37). We found IL-27R activates JAK2-V617F, and its downstream target STAT5, in 293T cells (Fig. 5A) . Expression of IL-27R along with WT JAK2 did not lead to activation of JAK2 or STAT5. IL-27R containing a mutated JAK-binding Box 1 motif (as in Fig. 3 ) was impaired in activation of JAK2-V617F and STAT5 compared with WT IL-27R (Fig. 5A) . Because 293T cells express gp130, it is possible activation of JAK2-V617F by IL-27R requires gp130. However, depletion of gp130 by siRNA had no effect on IL-27R-mediated activation of JAK2-V617F and STAT5, demonstrating this effect is gp130-independent (Fig.  5B) . Although we have not been able to coimmunoprecipitate IL-27R and JAK2 to demonstrate a presumed interaction, we are able to detect a complex formation between IL-27R and JAK2, as well as JAK1, in vitro (SI Fig. 10) , suggesting IL-27R may complex with JAK2 in cells. Together, our data suggest that IL-27R can function in an analogous manner as homodimeric type I receptors to activate JAK2-V617F.
Discussion
In an effort to identify genes that contribute to myeloid cell transformation, we used functional genetic screens of genes expressed in the leukemic cells of AML patients. Through our approach, we uncovered unique cell-transforming properties of IL-27R, the ligand-binding component of the receptor for IL-27 (18) . Importantly, we have determined IL-27R is frequently expressed on the cell surface of a greater number of bone marrow cells of AML patients than of cells of normal bone marrow, suggesting it may play a role in leukemogenesis (Fig. 1D) .
IL-27R is a member of the IL-6/IL-12 receptor family (40) . A heterodimeric receptor complex of IL-27R/gp130 is required to activate signaling pathways in response to IL-27 stimulation of cells (18) . This includes activation of JAK1, JAK2, Tyk2, STAT1, STAT2, STAT3, STAT4, and STAT5 (20, 21) . IL-27 regulates various aspects of immune responses, including T cell-mediated immunity (21, 35, (39) (40) (41) (42) , and can also regulate the activity of B cells, mast cells, and monocytes (18, 39, 40, 43) . Interestingly, IL-6 can function as a growth factor for various cancer cells (44, 45) , including AML blast cells (46) , suggesting signaling by members of this cytokine receptor family can promote oncogenic cell growth. In support of this notion, Takeda et al. (47) have observed hyperproliferation of T cells designed to overexpress IL-27R.
In this article, we show that expression of IL-27R induces IL-3-independent growth of 32D myeloid and BaF3 pro-B cells (Figs. 1 A and 4A) . Because BaF3 cells lack gp130 expression (18, 36) , IL-27R-mediated transformation does not depend on gp130. In addition, we were unable to detect expression of gp130 in 32D cells (Fig. 4B) , demonstrating IL-27R does not require gp130 to elicit a transforming signal in myeloid cells. 32D cells transformed by IL-27R have constitutively activated JAK/STAT family members (Fig. 1C) , the JAK-binding Box 1 motif of IL-27R is required for its transforming activity (Fig. 3B) , and JAK inhibition blocks cell transformation by IL-27R (Fig. 2) . These data suggest IL-27R-mediated activation of JAK family members is critical for its transforming capacity.
JAK family proteins play a major role in myeloid disorders as highlighted by the discovery of the JAK2-V617F point mutation. JAK2-V617F likely contributes to the pathogenesis of various MPDs, including polycythemia vera, essential thrombocytosis, and myelofibrosis (24) (25) (26) (27) (28) . Homodimeric type I cytokine receptors have been shown to be required for JAK2-V617F-mediated activation and transformation. Homodimeric receptors, including EpoR, TpoR, and GCSFR, support the activation of JAK2-V617F in a ligand-independent manner (37). These receptors likely provide a scaffold upon which mutant JAK2 proteins can interact, which is believed to be necessary for the activation of the mutant kinase. Although IL-27R is a component of a heterodimeric cytokine receptor with gp130, we show that it is capable of activating JAK2-V617F in cells in a gp130-independent manner (Fig. 5) . This finding suggests IL-27R can functionally replace homodimeric cytokine receptors to support the activation of JAK2-V617F. It is still to be determined whether or not IL-27R functions as a homodimer in the context of its ligand-independent transforming properties.
Recently, point mutations in Mpl, the gene for the type I cytokine receptor TpoR, have been found in JAK2-V617F-negative myelofibrosis and essential thrombocythemia patients (48, 49) . These mutations were identified under the hypothesis that patients who lack a JAK2 mutation may have other mutations that lead to JAK2 activation, such as mutations in upstream activators of JAK2, including cytokine receptors. The identification of point mutations in Mpl in myeloid disorders suggests mutations in other type I cytokine receptors may also contribute to diseases of the myeloid system. Our data suggest that contribution of heterodimeric cytokine receptors to JAK2-V617F pathogenesis, as well as JAK2-V617F-negative myeloid disorders, should be considered.
We suggest that a nonmutated single chain of a heterodimeric type I cytokine receptor has the ability to transform hematopoietic cells and that a single component of a heterodimeric type I cytokine receptor can functionally replace a homodimeric type I receptor as an activator of JAK2-V617F. In light of these findings, our data suggest that heterodimeric type I cytokine receptors may play unappreciated roles in mediating activation of signaling pathways in myeloid disorders and, like TpoR, such receptors may contribute to JAK2-V617F-negative MPDs. This contribution may be through altered expression or mutation of the receptor and can be investigated further by performing sequencing and expression studies in patients with MPDs as well as AML.
Materials and Methods
Cell Culture and Retrovirus Production. 293T cells were maintained in DMEM supplemented with 10% FBS. 32D cells and BaF3 cells were grown in RPMI medium 1640 supplemented with 10% FBS and 5% WEHI-3B conditioned medium as a source of IL-3. Ecotropic retrovirus was made in 293T cells by using the pVPack system (Stratagene). Stable cell lines were generated by retroviral infection as described in SI Text.
cDNA Library Construction. Under Institutional Review Board approval, AML samples were obtained from the Moffitt Cancer Center Tissue Core Facility as viably frozen mononuclear cells from the bone marrow of untreated patients. mRNA was isolated by using a FastTrack 2.0 mRNA Isolation Kit (Invitrogen). Double-stranded cDNA was prepared with a SuperScript Double-Stranded cDNA Synthesis Kit (Invitrogen) and purified in two fractions of two sizes by using the Geneclean III kit (Q-Biogene). cDNA fractions were ligated into the pEYK3.1 retroviral vector (14) , and ligations were transformed into E. cloni electrocompetent cells (Lucigen). The library contained Ϸ3.3 million bacterial colonies with a cloning efficiency of Ϸ90%.
Screening of cDNA Library and Isolation of cDNA from Cells. 32D cells expressing exogenous Bcl2 were infected with retrovirus made from the AML cDNA library. Four independent infections were done for each cDNA fraction. Two days after infection, cells were plated in the absence of IL-3 to select for IL-3-independent transformants. Genomic DNA was isolated from IL-3-independent cells and treated with Cre recombinase (NEB) to excise pEYK3.1 plasmids, containing putative transforming cDNAs, which were then isolated by bacterial transformation.
Cell Growth Analysis. To assay 32D and BaF3 cell response to IL-3 deprivation, cells were washed twice with RPMI medium 1640/ 10% FBS. Cells were plated at a concentration of 4 ϫ 10 5 /ml in RPMI medium 1640/10% FBS, and cell growth and viability were monitored by trypan blue exclusion.
Immunoblot Analyses. Cells were washed in PBS and lysed in lysis buffer [25 mM Tris (pH 7.4), 150 mM NaCl, 25 mM NaF, 1% Triton X-100, 1 mM sodium vanadate, 2 mM sodium pyrophosphate, 10 g/ml leupeptin, 2 g/ml aprotinin, and 1 mM PMSF]. Protein concentrations were determined with a BCA protein assay kit (Pierce Biotechnology), and equal amounts of protein were analyzed by SDS/PAGE. Primary antibodies used in this study include: IL-27R (TCCR) (C-term) (Sigma), phospho-(P-) STAT1(Y701), P-STAT3(Y705), P-JAK1(Y1022/1023), P-JAK2(Y1007/1008), P-ERK(T202/Y204), JAK1, JAK2 (Cell Signaling Technology), P-STAT5(Y694) (BD Transduction Laboratories), and STAT1, STAT3, STAT5, and ERK1 (Santa Cruz Biotechnology). Immunoblots were developed by using ECL Western Blotting Substrate (Pierce Biotechnology). 
